Introduction
The theories of /?-decay based on the neutrino hypothesis predict that a considerable proportion of the electrons emitted from a heavy nucleus will have low energies, owing to the Coulomb attraction between the electron and the nucleus. This prediction has been in apparent conflict with most experimental curves (Madgwick 1927; Scott 1935) , which show the ordinate of the energy distribution falling to zero at the origin or even before it, thus even indicating a low energy end-point below which no /?-rays are emitted. It is, however, probable that the experimental uncertainties in the methods which have been used are such that no definite conclusion can be drawn from them about the shape of the low energy end of the spectrum.
In these methods the source is deposited on a solid mounting and the emitted /?-particles pass through a window in entering the detecting apparatus, which may be a counter, a cloud chamber or an ionization cham ber. The window stops all /^-particles below a certain energy, while those which pass through are reduced in energy and considerably scattered. These effects, which are well shown in curves given by Eddy (1928) , produce a marked falling off in the observed number of /^-particles of low energy. The use of a solid mounting for the source introduces opposite effects giving an increased number of slow electrons; for firstly, the fast electrons will eject slow secondary electrons from the solid mounting and, secondly, if the mounting is thick, a considerable reflexion of the primary electrons will occur with varying losses of energy inside the solid, so that the reflected spectrum will contain relatively more low energy rays.
The magnitude of the latter effects has been estimated (Richardson 1934) for a source of radium E on thin gold leaf and was shown to make a consider able contribution to the energy distribution so large that the number of secondary electrons at 10 kV is comparable with that of the primary electrons [ 391 ] 392 H. O. W. Richardson and A. Leigh-Smith at the maximum of the distribution. Such low-energy rays should appear copiously in an apparatus capable of detecting them.
It is therefore desirable to employ a method in which the above uncer tainties are eliminated. This can be done by using a radioactive vapour in an expansion chamber in which the tracks are traceable up to the point of origin in the gas. This makes both window and mounting unnecessary and has the further advantage that the emission of more than one ionizing particle from the same atom with energy exceeding a few thousand volts is immediately detectable, if the emissions occur within a sufficiently short interval of time.
The Method of the Radioactive Vapour
Tracks from radium I) starting in the gas were first obtained (Richardson and Leigh-Smith 1934) using the comparatively stable lead tetramethyl prepared by the Grignard method.
The method was then applied to the thorium active deposit, but too much confusion was caused by the a-and /?-rays coming from atoms on the walls of the chamber. To avoid this a very deep cloud chamber was constructed of such dimensions that, when expanding down to atmospheric pressure, the long 8*6 cm. a-particles of thorium C '. D were unable to reach the central region of the chamber from the walls.
In order to clear away the large ionization due to the vapour source it was necessary to use three grids each containing eight 47 gauge copper wires stretched across the chamber and maintained at a potential difference of 570 V. This potential difference was reduced to zero near the end of each expansion. It was found necessary to allow an interval of three minutes at full pressure before each expansion in order that the alcohol vapour might have adequate time to diffuse uniformly over the large volume.
The Interchange Method for Thorium B and C As thorium B has a half-period of only 10-6 hr., and as the preparation of fresh lead and thorium B tetramethyl is tedious and dangerous, tests were made to see if vapour sources could be prepared by a direct interchange process by merely dipping a deposit of thorium (B + C + C' + C") into lead tetramethyl solution in ether (Leigh-Smith and Richardson 1935)* If was naturally expected that any interchange which took place would be between the atoms of thorium B, an isotope of lead, and the lead atoms of the tetra methyl, giving a vapour containing thorium B. It was found, however, that the radioactive vapour which was obtained contained a great majority of thorium C atoms, showing that the interchange took place, initially at least, more rapidly between the atoms of thorium C, an isotope of bismuth, and the lead atoms of the tetramethyl. The experiments described in this paper are thus concerned with the disintegration of thorium C. Only two certain cases of thorium B disintegrations were detected in photographs using interchange sources.*
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The source of thorium (B + C + C' + C") was obtained by deposition on gold by recoil in an electric field in the presence of thoron. The piece of gold was then dipped in a dilute solution of Pb(CH3)4 in ether, and kept screened from the expansion chamber to reduce y-ray effects.
The chamber was first cleared of old droplets and oxygen-free nitrogen filtered through cotton wool was then allowed to flow in slowly. A glass rod with a cup-shaped hollow at its end was dipped into the solution and then was quickly introduced into the centre of the chamber through a hole opened in the roof. After two minutes the solution had evaporated from the rod, which was withdrawn, leaving the vapour in the centre of the chamber.
After about two slow clearing expansions the chamber was pumped up to the appropriate excess pressure and after three minutes a fast expansion was taken and photographed by means of a stereoscopic camera. Generally a new supply of thorium C vapour was introduced before alternate fast expansions.
The chamber was filled with nitrogen with a little carbon dioxide with a view to reducing the rate of oxidation of the vapour.
The Association of a-Rays with Disintegration Electrons
Owing to the branching of the thorium series at thorium C, shown in the diagram, the a-tracks starting in the gas were of two kinds. First the
Thorium D Thorium C" ' o j * T he th o riu m B d isin teg ratio n s w ere d istin g u ish ed b y th e fact t h a t a p a ir of /?-rays sta rtin g a t th e sam e p o in t w as observed, consisting of a n u clear /?-ray w itli a secondary electro n d ue to th e in te rn a l conversion of th e 238 kV y -ray . thorium C . C" a-tracks of mean range 4*7 cm. and second the thorium C'D tracks of mean range 8-5 cm. Owing to the short life of -10~9 sec. of the thorium C' nucleus the latter track always accompanied the /?-track due to thorium C . C' and served as a valuable indicator of its point of origin. Such pairs were always observed when the quality of the photograph was adequate to show the /?-track. These pairs were noticed by Feather (1929) from thorium C on gold leaf. About 420 expansions were photographed in which 200 thorium C . C' disintegration electrons were observed.
Owing to the comparatively long half-period of thorium C ". D, viz. 3*1 min., no association between the thorium C . C" a-particles and the thorium C" . D /?-ray was observed, the ions due to the a-track having been removed from the expansion chamber before the /?-track could be photo graphed, even if the thorium C" atom had not moved appreciably from its initial position in the chamber during its life-time. It is of interest that this method appears to be the only one giving directly the ^-emission of thorium C . C' unmixed with that of thorium C" . D. As the latter emission can be obtained in the unmixed form by collecting thorium C" by recoil, it has been previously necessary to deduce the thorium C . C' distribution by sub traction.
The Secondary fi-Rays of Thorium C .C" Many cases were observed in which an a-track and a slow /?-track started at the same point. In all such cases the a-track was reconstructed stereo scopically and its length was measured. If the observed length exceeded 5-0 cm. in standard air, the disintegration was ascribed to thorium C. C'. Three disintegrations were allotted to thorium C . C' in which less than 5-0 cm. was visible, the nature of the a-tracks being inferred from the number of £-rays along them.
The shorter a-tracks present were due to the disintegration of thorium C.C" and 108 cases were observed in which the short 4*7 a-tracks of thorium C . C" started at the same point as a slow /?-ray such as is shown in fig. 3a , Plate 21. These /?-rays must arise from the internal conversion of the 40 kV y-ray whose association with the thorium C" nucleus was shown experimentally by Ellis (1932) by a recoil method. This verified the predic tion of Gamow (1930) that the y-ray arose from transitions between the two states of thorium C" resulting from the emission of the two strongest groups in the a-ray fine structure of thorium C . C". Additional proof of the association between the 40 kV y-ray and the thorium C . 0" a-transition is provided by the present photographs.
A rough preliminary survey was made to estimate, if possible, the proportion of the 4-7 a-tracks which were accompanied by these secondary electrons. It was necessary to include only those a-tracks in which both ends were clearly visible so that the presence or absence of a /?-ray was obvious at either end. About 33 apparently unaccompanied short a-tracks were found but the number of comparable a-tracks with secondary electrons was only about 51, the remainder of the total of 108 failing to satisfy the criterion that both ends of the track should be strongly illuminated. The a-ray fine structure intensities indicate that the 40 kV excited state of thorium C" is excited in about 70 % of the disintegrations. Assuming that 60*7 % of the a-rays are accompanied by secondaries, this means that 86*7 % of the 40 kV y-transitions lead to internal conversion. This may be compared with the corresponding figure of about 97 % found for the 47 kV y-ray of radium E. To get a similar figure for thorium C" it would be neces sary to include 19 more a-tracks with secondaries. Such a change is probably within the limits of experimental error. Another possible source of error arises from the greater difficulty of seeing the relatively weakly ionizing secondaries from the outer levels of the atom in comparison with those of less energy and therefore greater specific ionization which come from the L level with about 23 kV energy. It is possible that some of the 33 apparently unaccompanied tracks had very faint secondaries of about 40 kV energy which were missed.
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The Secondary fl-Rays of Thorium C . Cr
In contrast with thorium C/r, the excitation of the thorium C' nucleus is small, the three excited states being estimated by Ellis (1934a) to give rise to only about one secondary electron in 1000 disintegrations. Tracks due to such secondary electrons would accompany the nuclear /?-track from the same atom. In the present photographs there are six cases of two ^-tracks accompanying a thorium Cr a-track, but in all of the six cases one of the pair of /?-tracks is too short to be a secondary electron arising from one of the known y-rays. In four of these cases this short curved track was about 1 mm. long and might therefore be a 5-ray due to a close collision between the a-particle and an electron. In two cases the length was about 2 mm. and another explanation is required, such as the emission of a y-ray of about 10 kV in about 1 % of the disintegrations.
A few cases of short tracks about 3 mm. long were found unaccompanied by fast /^-tracks. These again were too long to be 5-rays and were interpreted as nuclear /?-rays. One is reproduced in fig. 4b , Plate 22.
Measuring the Tracks
The photographs were replaced in the camera and the life-size reprojected three-dimensional image was formed in the usual way. The energy of the /?-ray was then estimated in one of three ways as indicated in Table I . First, in the case of fast tracks, the curvature in a known magnetic field of 850 gauss was found by choosing a part of the track which appeared free from nuclear deflexions and setting four pins on the image of points on the track. Shadows of the four pin-points were then thrown on a focusing screen using a distant point source of light. Shadows of circles of known radius were thrown on the same screen and fitted to the four points. If the four points fitted one of the circles, its radius was recorded and the energy of the track obtained from the value of Hp. Such tracks are given in column 3. The advantage of this method is that it is applicable to tracks not per pendicular to H and therefore having spiral paths. The value of p obtained is the radius of the cylinder on which such spirals lie.
In cases where it was found impossible to make all four points lie on a circle, it was generally found that the tracks showed small nuclear deflexions which were then located and the curvatures of the undeflected parts of the track were measured. Owing to the slowness of working of the chamber and the small yield of the method, about one a-/? pair in two fast expansions, it was necessary to reject as little as possible of the data available and so a few tracks are included in the distribution in which, owing to the shortness of the undeflected length available, an uncertainty of about 20 % may exist in the measurement of the curvature. Nineteen disintegrations were rejected because the undeflected arc subtended on the screen was less than a minimum of 9 mm.
The inclusion of some rather uncertain tracks was justified on the ground that what was sought was a general view of the balance between the lowenergy and high-energy parts of the distribution curve rather than an accurate determination of the shape of the latter, which can be obtained more readily by other methods. The nuclear deflexions of electrons passing through nitrogen increase so rapidly when the energy falls below 100 kV that it is almost impossible to deduce the energy from the curvature alone. In agreement with Champion (1936) it was found more difficult to detect small deflexions which cause an apparent increase of curvature than those which cause a decrease. In consequence unless care is taken the magnetic curvature of slow tracks tends to be overestimated. The tracks whose energies were obtained from the range are given in Table I , col. 1. The ranges were found by measuring the distance between the pins placed on suitable points of the three-dimen sional image. The energies of these tracks in electron volts were calculated from the ranges by the formula (Williams 1931):
where n±/n2 is the stopping power relative to oxygen at S.T.P., R is the range in cm. The stopping power of the gas was obtained by comparing the observed mean range of the thorium C '. D a-particles with the known value in standard air.
The energies in an intermediate third class of track in col. 2 were obtained with sufficient accuracy to allot them to the appropriate relatively wide energy interval by inspection of the scattering, specific ionization and minimum visible length available. In this third class, the end-points of the tracks were not visible so that only a minimum range could be assigned, but owing to the low energy, the deflexions were too frequent to allow of a reliable measurement of the magnetic curvature. As the appearance of tracks between 30 and 100 kV varies rapidly with energy it is believed that no important uncertainty has been introduced.
The Nuclear Energy Distribution of Thorium C . C'
The energy distribution of all the tracks of thorium C . C' exceeding 2 mm. in range is shown in fig. 1 . The frequency of occurrence of low energy tracks such as reproduced in figs. 3 and 4, Plates 21, 22, at once contradicts the long maintained view that the ordinate of a /?-ray energy spectrum falls to zero at or before the origin. In fact the histogram of fig. 1 suggests at first sight that the most probable emission energy is nearly zero.
It must be remembered that the tracks of slow electrons are more easily observed than those of fast electrons owing to their much greater specific ionization. With weak illumination or other unfavourable experimental conditions fast electrons are less likely to be recorded on the photographs or, if recorded, to be suitable for measurement. An attempt has been made to correct for this effect by taking each slow track in turn and estimating the probability that a fast track, with its ions separated by visible intervals, would have been measurable, that is, would have subtended in the measuring screen an arc exceeding 2 cm. in length, the imaginary fast track being at the same point and in the same direction as the slow track actually seen.
In some cases it was possible to say definitely that a given track either did or did not satisfy this rather loose criterion, but in more cases it was felt safer to assign intermediate probabilities rather than certainties. It was found subsequently that the result obtained by averaging these prob abilities was substantially the same as that got by giving weights of 0 and 100 % to all tracks below and above 50 %. The detailed effect of this weighting is shown in Table I . It is thought that the uncertainty arising from this general tendency to overestimate the slow tracks is smaller than from the statistical fluctuations.
The Shape of the Continuous ft-Spec of Thorium
Comparison with the Neutrino Theory of The presence of numerous low-energy electrons extending copiously down to the lowest detectable energy in the neighbourhood of 10 kV is in agreement with the theory which attributes their large numbers to the effect of the Coulomb attraction of the nucleus. This low energy emission is probably a general property of the /?-decay of heavy nuclei. Its presence has also been established, though under less definite conditions, for radium E deposited on thin films (Richardson 1934; Alichanow, Alichanian and Dzelepow 1936) . Previous failures to find the low-energy electrons are to be attributed mainly to the presence of absorbers between the source and detector.
It is of some interest to see if the results are sufficiently detailed to dis tinguish between the different types of interaction between heavy and light particles which have been proposed. In the original or (0, 0) formula of Fermi (1934) the probability of a given electron energy depends only upon the volume available in the momentum space of the electron and neutrino. In the (0, 1) interaction proposed by Konopinski and Uhlenbeck (1935 a) the probability is biased in favour of large values of the neutrino momentum by introducing the first derivative of the neutrino wave function so that much more of the /^-disintegration energy is, on the average, carried off by the neutrinos (or antineutrinos) than by the electrons.
To a close approximation the formulae predicted by the two hypotheses are:
(0,0) P{E)dE = A(E +511) (l + 0-(0,1) P(E)dE = A(E +511) (1+ 0-3557/) (E0-E fdE . P(E) dE is the probability of emission of an electron with energy between E and E + dE in kV, E0 is the maximum emission energy, 7/ is the momentum of the electron in units of m0c = H p l1 700 gauss cm. Uhlenbeck (1936) has shown that there is but little difference between the shape of the distributions for permitted and forbidden /^-transitions.
The second formula predicts more low energy electrons than the (0, 0) formula and an extremely fine tail at the high energy end of the distribution owing to the higher power of (E0 -E).
The (0, 1) formula has been shown to give a fairly good representation of the high energy parts of many /^-spectra. This can be conveniently shown by the method of Kurie, J. R. Richardson and Paxton (1936) by plotting, as in fig. 2, ( ---- If the (0,1) formula is satisfied, a straight line should result cutting the energy axis at E = E0. For thorium C. C' the points obtained lie roughly on a straight line cutting the axis of E between 2600 and 2900 kV. As the two lowest points only represent 3-5 and 1-0 tracks respectively they possess little statistical weight so that the line might well be drawn to E0 = 2600 kV. The four low energy points marked by triangles represent the effect of correcting the points marked by circles for the partial /i-spectra as described below, and it can be seen that the corrected points lie on the straight line down to 15 kV electron energy suggesting that, within experimental error, the formula fits down to the lowest energies. If, on the other hand, the (0, 0) formula is correct, a straight line should be obtained by plotting (>355^)) a §a]^ns^ ^ as shown by the points marked by squares in fig. 2 .
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It will be seen, in agreement with results obtained for other ^-disintegra tions, that these points do not lie on a straight line.
The curves predicted by the (0, 0) and (0,1) interactions with at 2250 and 2600 kV respectively are also shown in fig. 1 . In order to reduce the effect of statistical fluctuations the predictions of the various distributions in wider intervals of 400 kV are compared with experiment in Tables II  and III. tinuous fi-Sp of Thorium C .C ' 401 Table II The High Energy End-point and the Expression for the Interaction Energy
The " intercept" value of E0, given by the (0, 1) line, may be taken as 2700 kV with a probable error of about + 100 kV. This is 450 kV greater than the " experimental" value of 2250 kV obtained by Henderson (1934) . Similar differences between values of E0 obtained by the intercept method and the energies of the fastest observed tracks have been noted in other measurements of /^-distributions, in particular by Lyman (1937) . In the present measurements of 180 disintegrations the fastest accurately measur able electron had an energy of about 2230 kV. The results of Lyman in dicate that the experimental points for should fit the straight line of fig. 2 until near E = E0, and then follow a steeper curve reaching zero emission at a value of Ea few hundred kV below the " intercept " value, E It has been pointed out (Richardson 1937) that the above result can be reproduced by a linear combination of two terms of the (0, 0) and (0, 1) form respectively, each term using the same end-point corresponding to the experimental end-point given by the fastest observed electrons. This is equivalent to assuming that the expression for the interaction energy between the heavy particles in the nucleus and the electron-neutrino field is a linear combination of two terms, the first involving the wave functions of the electron and neutrino and the second the first derivative of the neutrino wave function as well.
It is of interest to note that measurements of the low energy end of the spectrum furnish a test of the presence in the interaction energy of further terms involving higher derivatives of the wave functions. Linear com binations of such terms have been shown by Konopinski and Uhlenbeck (19356) to be theoretically possible and their presence in small amounts has been suggested to explain neutron-proton attractive forces as arising from exchange of charge due to /^-emission and capture.
For instance, we might assume a linear combination giving a composite distribution in which 33 % of the electrons obey a (1,2) interaction, 53 % a (0, 1) and 14% a (0, 0) interaction. Owing to the presence of higher derivatives of the wave functions of both neutrino and electron in the (1, 2) interaction there would be a deficiency of both high-and low-energy electrons and though the former deficiency would be quite small the latter might give an observable fall below the straight line of fig. 2 near zero energy in the case of a heavy nucleus. The fact that no deficiency of low energy electrons is apparent in the present results suggests that the coeffi cient of the (1, 2) interaction must be small.
The Partial fl-Spectra of Thorium C . C' The number of low -energy /?-rays will be increased owing to the presence of partial /?-spectra of low energy giving rise to the excited states of the thorium C' nucleus in accordance with the theory of Ellis and Mott (1933) . The effect of the partial spectra of the states of 1797 and 1623 kV excess energy which, according to Ellis (19346) , are excited in 2 and 4 % of the thorium C . C' disintegrations, has been calculated assuming that the partial spectra are (0, 0) in shape with end-points at 450 and 640 kV. The results are shown in Table III and fig. 2 . The corrections are small because only 6 % of the electrons are affected. The (0, 1) distribution shows the better agreement with experiment. The effect of the 726 kV excited state on the distribution is negligible.
In conclusion we wish to thank Professor C. D. Ellis for his valued encouragement and interest in the work and also Bedford College, London, for providing some radio-thorium. ' The Shape of the Continuous ft-Sp of Thorium C Summary A method is described by which a radioactive vapour of thorium (B + C) was introduced into a cloud chamber.
About 200 thorium C . C' disintegrations occurring in the gas were photographed and the energies of the nuclear electrons were estimated. A large proportion of low energy electrons was found extending down to the lowest detectable energy of about 15 kV. It is concluded that the energy distribution curve does not pass through the origin but passes well above it, showing no marked fall near zero energy. The curve agrees within experi mental error down to zero energy with the shape predicted by the (0, 1) interaction formula of Konopinski and Uhlenbeck (1935) . The maximum electron energy obtained by fitting the data to the (0, 1) formula is 2700+ 100 kV.
The possible presence of higher order derivatives in the interaction energy is discussed.
Numerous secondary electrons were observed associated with the a-rays of thorium C . C". 
